Water-solid interfaces are ubiquitous and of the utmost importance to industry, technology and many aspects of daily life. Despite countless studies from different areas of science, detailed molecular-level understanding of water-solid interfaces comes mainly from well-defined studies on flat metal surfaces. These studies have recently shown that a remarkably rich variety of structures form at the interface between water and seemingly simple flat metal surfaces. Here we discuss some of the most exciting examples of recent work in this area and the underlying physical insight and general concepts that emerge about how water binds to surfaces. A perspective on the outstanding problems, challenges, and open questions in the field is also provided.
discuss in this article.
Probably the biggest conceptual idea to emerge from well-defined studies of water at interfaces is that of the bilayer adsorption model. The bilayer model is a concept that has been used to discuss interfacial water in almost all environments and is often the first concept that newcomers to the field grasp. Perhaps as a consequence, the bilayer model has gained a currency that is entirely out of line with the experimental evidence in its favour, often being the last concept to be abandoned only in the face of overwhelming evidence! The term bilayer is used both in its strict sense -a buckled hexagonal overlayer resembling the basal plane of ice -and more loosely to discuss structuring of water films at interfaces where two peaks in the density profile are observed. The bilayer model was originally developed based on experiments on water at metal surfaces and this article will explore some of the groundbreaking new work published in this area recently which calls this model for water adsorption into question. Indeed, here we will consider if a water bilayer in the strict sense of the word has ever been observed, or should really be expected.
In the following we will explore what the bilayer model is, how it emerged, and how recent experiments and calculations reveal a much more interesting variety and richness of structure for water at interfaces. The focus will be on water-metal interfaces, the system where the first structural models for water at interfaces emerged and where some of the most detailed and exciting recent experiments and simulations have been performed. Key recent developments include the observation of wetting layer structures built exclusively from pentagons, or from combinations of heptagons and pentagons, the observation of wetting layer structures rich in defects in the H bonded network, the recognition of the importance of strain in the H bonded network, and the realisation that maximising the number of H bonds does not necessarily lead to the most stable overlayer structures. The challenges and issues that remain before a fully predictive understanding of the structure and dynamics of watersolid interfaces can be achieved will also be discussed. This will be a short review aimed mainly at newcomers to the field, using a few selected examples to illustrate the concepts and exciting developments alluded to above. For comprehensive overviews of the literature up to 2009 the interested reader is referred to refs. [ 4, 5 ] and for other complementary mini-reviews on some specific aspects of water at surfaces to refs. [ [6] [7] [8] .
II. A BRIEF HISTORY OF WATER ON METALS: THE RISE OF THE BILAYER
As we have said, obtaining atomic-level understanding of surface structure is very challenging. For water-solid interfaces this generally involves preparing clean atomically flat surfaces upon which water is deposited under UHV conditions. This frozen in structuretypically a single layer -can then be interrogated with, for example, techniques such as low energy electron diffraction (LEED). In the 1980s Doering and Madey performed such a study 9 , examining in meticulous detail water adsorbed on the close-packed (0001) surface of Ru. This surface has an hexagonal arrangement of metal atoms with the distance between neighboring Ru atoms within 3 % of the nearest neighbour water-water distance in ice I. Upon observing a
• LEED pattern the bilayer model was introduced for extended 2D overlayer adsorption of water on metals. The bilayer model proposed by Doering and Madey 9 consists of an epitaxial 2D arrangement of water molecules forming an hexagonal network, which resembles the (001) basal plane of ice I (see Fig. 1 ). It is referred to as a bilayer simply because the hexagonal rings within the (001) basal plane of ice are puckered with molecules at two distinct heights. At a metal surface it was suggested that the water molecules within the lower part of the bilayer interact relatively strongly with the surface, whereas the water molecules in the upper part of the bilayer (about 1Å higher)
are H bonded to the bottom layer and do not interact appreciably with the surface. In a conventional bilayer the molecules in the top half of the bilayer have OH bonds which point away from the surface, often referred to as dangling OH groups or the H-up bilayer model.
An alternative arrangement in which the OH groups are directed at the surface ("H-down") has also been suggested 5, 10 . In either case it's interesting to note that these are so called proton ordered structures when built within a two molecule √ 3 unit cell and as such are bilayers of ice XI, the proton ordered form of ice I. Ice multilayers then grow on top of the first layer, forming a strained epitaxial arrangement (c).
became the standard model for water adsorption and was subsequently used to interpret surface structures on all sorts of inorganic substrates. It is still widely used.
III. THE FIRST SIGNS OF A PROBLEM... for water on metals is shown in Fig. 2 . One of the most interesting points to note from all these experiments is the tremendous diversity of structures observed. Although the experiments were all performed at low temperatures on atomically flat metal surfaces, on each surface a different structure is observed. On some surfaces (generally at lower coverages) isolated water clusters are observed. On others, 1D or quasi-1D chains are observed, on others 2D overlayers with mixtures of pentagons and heptagons, and on others 3D pyramids and towers. In no case is a uniform 2-D ice bilayer detected. We now discuss some of the systems shown in Fig. 2 and the concepts and physical understanding that have emerged. 
In the 1990s Held and

A. Water clusters: "Zero-dimensional" structures
Individual water molecules are extremely difficult to image on metal surfaces due to their high mobility and preference to form H bonded clusters. Water monomers can be identified at very low coverage and temperatures (below 20 K) 2,26,27 , sitting in the atop sites (i.e., the sites directly above individual metal atoms of the substrate). The atop sites were also predicted to be the most stable adsorption sites with density functional theory (DFT) on both close-packed and more open metal surfaces [28] [29] [30] . At this adsorption site, DFT further predicts that the dipole moment of the water molecule is aligned almost parallel to the surface ( Fig. 3(c) ). This binding mode favours interaction of the 1b 1 molecular orbital of water with the surface 28, 31 .
Even at these low temperatures, however, water diffuses rapidly across metal surfaces and readily forms H bonded clusters. The simplest cluster, the water dimer, has been observed on a number of metal surfaces 26, 33 and DFT studies suggest that it has an asymmetric structure with the two water molecules at different heights above the surface ( Fig. 3(f) ). The water molecule donating the H bond is more tightly bound and closer to the surface (generally by about 0.5Å) than the water molecule accepting the H bond. It has been suggested that this asymmetric structure facilitates facile H bond rearrangement, rotation, and diffusion of water dimers 8, 26, 29, 33 .
Adsorbed water trimers and tetramers have all also been observed 32, 34 , with the tetramer being the first cyclic cluster that is more stable than a simple linear chain on Cu(110). However, the cluster which has received the most attention is the cyclic water hexamer. Interest in hexamers stems partly from the fact that they are seen as the building blocks of ice and, in the past few years, hexamers have been successfully resolved with STM (often in conjunction with complementary DFT studies) on Pd, Cu, and Ag surfaces 1, 18, [35] [36] [37] [38] . Although in the gas phase water hexamers possess a number of almost iso-energetic isomeric forms (notably the "cage", "book", "prism", and "cyclic"' isomers 39 ), when observed on metal surfaces only cyclic water hexamers have been detected to date. In these hexamers each water molecule is located near the favoured atop adsorption site and accepts and donates just a single H bond. Adsorbed cyclic hexamers, therefore, have a different H bonding topology to a hexamer extracted from a bilayer of ice (c.f. Figs. 1 and 3(h)).
Depending on the substrate, the hexamers are either planar (with all molecules at the same height) or buckled (with molecules at two distinct heights, as shown in Fig. 3(i) ).
Generally planar hexamers are favoured on reactive surfaces to which water molecules bond relatively strongly (e.g. Ru) 40 , whereas on the noble metals (Cu and Ag) 1 the buckled hexamer is favoured. This difference points to the subtle balance between water-water and water-metal interactions in directing the structure of these adsorption systems. Indeed, as
we will see, this balance is the single most important issue in determining the structure of water clusters and overlayers on metals. In the DFT calculations of water hexamers on Cu and Ag the balance between water-water and water-metal interactions was examined in detail and it was shown that there was a competition between the ability of water molecules to simultaneously bond to a substrate and to accept H bonds. This comes about because the same molecular orbital involved in bonding to the surface (1b 1 ) is also implicated in the acceptance of H bonds. This competition was in turn used to rationalize previous structure predictions for other water clusters adsorbed on various surfaces, including the asymmetric buckled structure of the water dimers and higher clusters 1 . Loosely speaking, we can think of planar hexamers as optimizing the interaction between the water and the metal on reactive surfaces, whereas buckled structures optimize the H bonding within the cluster on noble metals. As we will see shortly, the formation of planar networks on reactive surfaces places constraints on how large a water cluster can grow before the structure is forced to buckle out of plane, reducing the bonding to the surface.
B. One-dimensional structures
We move our attention now to structures with periodicity in one dimension. To this end we focus on recent studies of ca. 1 nm wide ice chains that nucleate on Cu ( Pentagons are favoured on substrates with small lattice constants; that is, in addition to Cu(110), Ni(110) is identified as a substrate on which pentagons may nucleate. Pd(110) is a borderline case, whereas on the substrate with the largest lattice constant Ag(110), there is a small preference for hexagons. This trend holds for the same water structures in the gas phase (that is, without the presence of the substrate) 42 , which provides further support that H bonding is key to the relative stability of hexagons versus pentagons.
The water networks that form when about 0.5 ML of water is dosed on the close-packed (111) of Pd at low temperature are an intriguing example of a structure that is intermediate between 1D and 2D, as shown in Fig. 2(d) . The water/Pd system has already been reviewed 5, 7, 8, 45 and so we point out just the key features of this system here. Essentially this structure is mainly comprised of long chains of hexagonal units, whose width never exceeds a few hexagonal cells, as shown in Fig. 2(d) . When one uses DFT to work out the structure of the chains it turns out that the overlayer is again not based on the puckered hexagonal structure of ice I. Instead, it involves an arrangement of water molecules wherein most of the molecules are at their preferred atop adsorption sites in their preferred orientation almost parallel to the surface. Having water molecules flat against the surface places too many O-H bonds in the plane parallel to the surface and so a structure dominated by flat lying water molecules is only possible in the submonolayer regime with, in this case, a highly defective, metastable H bonded network. Completing the network forms a complex, partially ordered 2D structure made up of flat and H-down water 46 .
C. Two-dimensional structures
The 2D water monolayer that covers Pt(111) at low temperature 47 is the perfect example of an extended overlayer which clearly deviates from the ice-like bilayer picture. After a long standing effort, in 2010 two independent studies were able to obtain high resolution STM images of this water layer 23,48 (see Fig. 5(a) ). The current interpretation of this data, essentially supported by DFT calculations, seems to indicate that the wetting layer on Pt(111) is a mixture of pentagonal, hexagonal, and heptagonal rings of water molecules 23, 49 ( Fig. 5(b) ). Similar to the isolated hexamers and 1D chains in previous sections, the balance between water-metal and water-water interactions drives the H bonding structure adopted. Although ice-like bilayer models have been used to attempt to explain this structure in the past 51 , recent insights reveal a more complex scenario 50 . Interestingly, the overlayer is not composed of a fully H bonded network, instead it contains Bjerrum defects, where two H atoms sit between adjacent O atoms. This arrangement implies that maximizing the number of H bonds within a wetting overlayer is not a reliable criterion to identify stable structures.
In this particular case, the overlayer is stabilized by the formation of strong H bonds as water donates to hydroxyl, with pairs of non-donor hydroxyls accommodated as defects within the H bond network (Fig. 5(d) Metal surfaces that do wet show a range of multilayer adsorption behaviour, depending on how tightly the first layer of water is bound. On several surfaces where stable wetting layers form, such as Ru(0001) and Pd(111), adsorption of further water causes 3D ice clusters to grow, rather than a continuous water film 58, 59 . These surfaces are characterised by having tightly bound first layer water, with no dangling OH groups to bond to further water.
Evidently it is not favourable to disrupt the first layer bonding in order to stabilize multilayer adsorption, so the surface does not form an epitaxial multilayer. On Pt(111) the situation is different 25, 60 . In this case adsorption of more water produces 3D islands of hexagonal or cubic ice (Fig. 2(h) ) , reconstructing the original water film 61, 62 . Reconstruction of the first layer is driven by the increased H bonding to the multilayer, but no detailed models are available for this buried interface, although a similar mechanism also operates on Ni(111) 63 .
Removing uncoordinated OH groups in the first layer by locking them up in a tightly H bonded H 2 O-OH structure prevents the first layer relaxing and instead clusters are formed 64 .
V. DISCUSSION AND OUTLOOK: QUESTIONS WE CAN AND CANNOT AN-SWER
The last few years has seen tremendous progress in basic understanding of water at surfaces, as the examples discussed illustrate. Although well-defined surface science style studies can be painstaking they are nonetheless incredibly useful as they reveal precisely at the molecular level how water behaves at interfaces. This is highly valuable information and some of the key questions these studies now allow us to answer, which just a few years ago we could only speculate upon, are:
(i) Where do water molecules preferentially adsorb on metal surfaces? As we have seen, STM reveals that isolated water monomers adsorb above individual metal atoms of the substrate. This is consistent with DFT studies on many close-packed metal surfaces. DFT further predicts that in the most stable orientation the dipole moment of the water molecule is almost parallel to the surface (Fig. 3(c) ), so as to facilitate interaction of the lone pair 1b 1 orbital of water with the substrate. This basic adsorption structure for the water monomer is a key structural element of all water-metal overlayer adsorption models characterised to date. However, perfect 2D H bonded networks cannot be built exclusively from flat-lying water monomers because this would lead to too many O-H bonds being parallel to the surface. Thus all extended overlayer structures characterised to date have a combination of flat-lying water monomers at atop sites with other water molecules with their dipoles aligned more or less with the surface normal.
(ii) How strong are interfacial H bonds? The strength and length of H bonds within metal-adsorbed clusters and overlayers can vary greatly, being either stronger or weaker than H bonds between water molecules in the gas phase. On the one hand, cooperative forces can lead to stronger H bonds at the interface with metals. For example, the H bond length in the water dimer is generally shorter when it is adsorbed on a metal surface ( Fig.   3(f) ) than it is in the gas phase. This is because the dipole moment of the water molecule donating the H bond is enhanced through polarisation by the substrate. However, on the other hand, interaction with the surface can weaken the H bonding within the overlayer as a result of "orbital competition" 1, 65 . The alternating O-O bond lengths within the adsorbed water hexamer provide an example of this effect: water molecules that interact strongly with the substrate make relatively poor H bond acceptors because the water lone pair orbital (1b 1 ) is involved both in bonding with the surface and in accepting H bonds.
(iii) How important is the number of H bonds to the stability of an overlayer? When it comes to water on metals it's quality and not quantity of H bonds that matters: the most stable structure is not necessarily the one with the most H bonds. This is seen clearly in the STM experiments of water hexamers. The experimentally observed structure is the cyclic water hexamer (Fig. 3(g) ), yet this hexamer has only 6 H bonds, 2 fewer than the so called cage isomer, which is the most stable isomer in the gas phase. Another example is the OH-H 2 O overlayer on Cu(110) that we have just discussed. In this system the H bond each OH molecule could in principle donate to an adjacent water molecule has been sacrificed so as to facilitate the reorientation needed to strengthen the H bonds the OH accepts from neighbouring water molecules. The implication of this observation is that the adsorbed OH molecule is a much better acceptor of H bonds than it is a donor, a conclusion that likely applies to adsorbed OH groups in general 15,66 .
(iv) Does a bilayer form when water adsorbs on metals? For the best part of the 1980s
and 1990s the bilayer model was essentially the "standard model" for water adsorption on metals. However, from the discussion so far it should be clear that when wetting layer structures are examined in detail there is scant evidence for the formation of adsorbed bilayers. The √ 3 diffraction pattern observed on many metals turn out not to be the result of bilayers and indeed are often associated with partially dissociated OH-H 2 O overlayers instead 5 . The one system for which there is the most compelling evidence so far is water on an alloy of platinum and tin 67 ; a surface with √ 3 corrugation that was specifically tailored to facilitate bilayer adsorption. Despite the widespread assumption that water adsorbs in a bilayer structure, the fact that it doesn't and that there is no general model for overlayer adsorption should not really come as a surprise given the immensely rich phase diagram of water.
Beyond the questions we currently have credible answers to there are many more which we can't yet answer with confidence. Some particular questions that investigators have been thinking about for many years but are now increasingly turning their attention to are:
(i) What are the main factors governing the structure of water overlayers at metal surfaces? Obviously this is H bonding and water-metal bonding, and for specific systems we can understand how this balance plays out as discussed. However, it would be premature to conclude that we fully understand this balance without, for example, the capacity to correctly predict what the wetting layer structure would be for water on some arbitrary unexamined surface. What structures, for example, would 2/3 ML of water form on Rh (110) or 0.5 ML of water on Pd(100)? Much more well-defined work combining experiment and theory is needed before the underlying physical principles controlling the structure of water at metals are understood well enough to make confident intuitive predictions about wetting layer structures.
(ii) What happens beyond the first layer? The discussion thus far has largely focussed on the first contact layer between water and metals (at cryogenic temperatures), where there remains much to learn. However, increasingly there is interest in understanding multilayer water adsorption and ideally the structure and dynamics of liquid water films at ambient temperatures. Traditionally the study of water multilayers and liquid water structure has been challenging for both experiment and theory alike. This is still the case, however, recent developments are encouraging. For example, the emergence of high pressure x-ray photoelectron spectroscopy (e.g. Ref. 68 ), improvements in atomic force microscopy experiments and analysis for solid-liquid interfaces (e.g. Refs. [69] [70] [71] ), and faster computers and computer codes all bring atomistic understanding of solid-liquid interfaces a step closer [72] [73] [74] [75] . Although much work remains to be done, one of the key concepts that has emerged already is that nucleation of a second layer of water on top of the contact layer is facilitated by the presence of OH groups of water molecules that either stick out of the contact layer away from the surface (so called dangling OH bonds) or can easily reconstruct to do so in the presence of more water. It will be interesting to see what other concepts emerge over the coming years.
(iii) How can we do a better job with theory? It should be clear by now that in this area there is an almost symbiotic relationship between experiment and theory, with e.g. STM often relying on DFT to come up with plausible low energy structural models. It's only appropriate then to comment on some of the challenges remaining for theory. Generally with computer simulations one wants to tackle larger systems, over longer timescales, and with increased accuracy. Advances in algorithmic efficiency and computational power are consistently making simulations with larger system sizes and over long timescales possible, as illustrated by the recent DFT-based molecular dynamics simulations of solid-liquid interfaces [72] [73] [74] [75] [76] [77] [78] . Increased efficiency and computational power also makes it much easier to explore configurational space when attempting to characterise surface structures. Indeed "blind" or "random" structure searching, which has proved to be a very valuable approach in materials and pharmaceutical science (see e.g. Ref. 79 ), has great potential to speed up the characterisation of novel surface structures in general and water-ice structures in particular.
In terms of increased accuracy, DFT has been remarkably successful in working out the structures of water on metals and more often than not the most stable adsorption structure identified with DFT has matched experiment. However, the standard exchange-correlation functionals used in most routine water adsorption studies (usually generalised-gradient approximation functionals such as PBE and PW91) have various well-known limitations. One of the key limitations is that van der Waals dispersion forces are not accounted for and the lack of dispersion has been a topic of much discussion in this area over the years (see e.g.
Ref. 80 ). It is encouraging that dispersion-based DFT approaches are now beginning to be applied to water-metal adsorption studies [80] [81] [82] [83] and also that electronic structure approaches beyond DFT are emerging for water adsorption, such as the Random Phase Approximation (RPA) and quantum Monte Carlo (QMC) 84 . Another important issue is the role of quantum nuclear effects (zero point motion, quantum tunnelling, and delocalisation). At present the vast majority of theoretical studies treat the nuclei as classical-point-like particles and only electrons are treated quantum mechanically. However, there is growing evidence from experiment and theory that the quantum nature of the proton -particularly in H bonded configurations such as for water overlayers at surfaces -can have a substantial effect on the structure and dynamics of H bonds (see e.g. 2, 27, 85, 86 ).
To conclude, the last few years has seen tremendous progress in fundamental understanding of water at interfaces, with well-defined studies at metal surfaces providing key insight at the molecular level. Important concepts in relation to the structure of water at surfaces have emerged but there remains much to be understood in terms of further developing the basic physical principles that control the structure of water at interfaces and in using these principles to improve technological processes such as ice nucleation inhibition or water desalination. Being able to routinely predict the structure of a water adlayer on a given (metal)
surface is certainly something we should soon be able to do and thus we should then be in a position to use this information to identify (or develop) substrates which could be used to e.g. inhibit or accelerate ice nucleation or facilitate very rapid water diffusion for the purposes of desalination.
